Wind is both an ecological provider and disturbance facilitator influences trees and other organisms in forests. Impacts of wind on induvidual trees and forests mainly depend on the strength (or intensity) of the wind and the stability of the trees. Wind causes large-scale damage to forests and serious economical losses for the forestry sector within Europe. Therefore, knowledge of interactions between wind and trees and/or forests provides the baseline for developing adequate prevention or mitigation of the negative consequences associated with wind disturbances in forest ecosystems. Herein, we analyse the wind as an ecological and disturbance factor in forests in Europe, emphasising forests in Slovakia. Here, strong winds destroy mostly spruce dominated forests in the following regions; Orava, High and Low Tatra . This highlights the data requirement regarding wind disturbances for integrated forest protection against dangerous winds and other disturbance agents in forest ecosystems in Slovakia and other European countries.
Introduction
Wind is one of the most important disturbance dynamics and ecological factors in many types of ecosystems (Ennos 1997) . In forest ecosystems, wind influences trees directly e.g. by damaging stems or uprooting, or indirectly e.g. through modifying temperature and soil moisture. Over time, the prevailing wind can shape the morphology of trees. A good example of this are dwarf-like tree forms, flag-like asymmetric tree crowns, converging stems, leaning stems ( Fig. 1) , asymmetric cross-sectional stem profiles, compressive and tensile wood (Zhu et al. 2004 ). Influence of wind on forest trees and stands depends on wind strength. Low intensity winds usually do minimal damage to forests, however, strong winds may cause serious damage. As strong winds are infrequent, they only damage forests occasionally. Strong winds destroy interim unstable trees (e.g. trees growing in soils excessively saturated with water) and their stands become unstable in the long-term due to inadequate forest management. Gardiner et al. (2016) classified the types of wind damage to forests from negligible to fatal. He recognized, for example, microscopic damage to foliage, partial or total defoliation, branch breakage, breakage or uprooting at the tree level, gap formation at the community level, and successional changes across space, at a regional level.
Wind influences physiological processes in trees and modifies mechanical and technical properties of wood (Peltola et al. 1999; Gardiner & Quine 2000; Konôpka B. 2000; Zhu et al. 2004) . It promotes the dispersal of fungal spores, plant pollen and seeds, and regulates spatial distribution of forest flora and fauna (Grubb 1975; Kozlowski et al. 1991; Belanger & Arbas 1998; Wyatt 2003; Zhu et al. 2004) .
Herein, we focus on wind as an important ecological factor and disturbance agent in forest ecosystems and present some of the negative consequences of wind disturbances in European forests, with emphasis on forests in Slovakia.
Wind as an ecological factor and disturbance agent
Wind is essential to deliever precipitation, crucial for all types of forest ecosystems (Coutts & Grace 1995) . Wind affects evaporation, transpiration, spatial distribution of snow, and regulates temperature and moisture regime in forests (Zhu et al. 2004; Konôpka B. & Konôpka J. 2009 ). In arid regions with aeolian sand soils, wind causes intensive erosion (Coutts & Grace 1995; Zhu et al. 2004 ) and may substantially modify the relief (Krippel 1965) . Wind contributes to the transportation of industrial pollutants, some of which can affect tree health (Jaffe et al. 1995; Vančura et al. 2000) . Wind often transfers sharp particles of various origin and chemical composition. These may cause the abrasion of bark and damage foliage and reproductive organs (Zhu et al. 2002b) . Wind also moves particles (e.g. crystals of salt from the sea) causing the intoxication of foliage (Fig. 2) . Wind is often in a synergistic relationship to other factors in forests. It promotes forest fires (Letelier et al. 1988) and creates favourable conditions for dissemination of pathogenic organisms, such as viruses, fungi, phytophagous insects etc. (Barnes et al. 1998) .
While a breeze or low wind operate almost always in forests, strong winds are much less frequent, and cause disturbances varying in intensity. Disturbance is defined as an event which changes (impair) structure of populations, communities and ecosystems, influences resources and the availability of substrates for organisms, and modifies physical properties of the environment (White & Pickett 1985) . Wind disturbances operate independently from or in combination with other disturbances (Letelier et al. 1988) . Wind can temporally cause cascade disturbances (Dale et al. 2001) . Temporal and spatial occurrence, frequency and intensity, as well as the extent of natural disturbance depends on local, regional and global processes, especially changes in the atmosphere and in particular, the temperature regimes and rainfall (Baker 1995) . Models of global climate change suggest stimulative effects of inherent phenomena of changing climate on destructive processes in ecosystems (He et al. 1999) . Various modelled future scenarios predict an increase in frequency and intensity of storms (Schönenberger 2002 ).
"Catastrophic winds" such as storms, hurricanes, tornadoes or typhoons influence forests all over the world (Zhu et al. 2004) . Strong winds break branches, stems or uproot trees and result in lower densities of trees in forests due to increased tree mortality (Dale et al. 2001; Zhu 2004; Konôpka B. & Konôpka J. 2009 ). Knock out of trees by the wind is associated with structural changes in forest ecosystems (Odum 1983) . More heterogeneous (structured) forests provide open patches (gaps) and an environment created to develope future generations of trees (Ennos 1997) . Very strong winds are known to modify the structure of both pioneer and climax forests (Valinger et al. 1993; Gardiner 1995; Zhu et al. 2002a) .
Changes in forest structure caused by wind can be classified as follows: (i) primary damage, occurring within a few hours or a couple of days after wind disturbance, is direct, people may be injured and properties and infrastructure may be destroyed; (ii) secondary damage, recorded over a couple of weeks, months or years after disturbance, is successive and caused by various harmful agents taking part in the process; (iii) tertiary damage, documented over many years or even decades after disturbance, is mainly seen in socio-economic relationships (e.g. forest utilization by man with regard to the availability of resources, esthetical values of forests, other ecosystem services, market and prices, employment possibilities etc). Changes in forest structure due to wind disturbances reflect varying interactions (often synergistic) between the wind velocity, duration of wind, local relief, site and stand characteristics such as water content in soil, tree species composition, tree height, tree density, tree health (Gardiner et al. 2016) .
Probability that the trees and forest stands will be damaged by the wind is determined by three groups of factors: (i) weather conditions, (ii) site conditions, and (iii) properties of forest stands (Cremer et al. 1982; Schindler et al 2012) . Influence of the wind on forests is geographically specific and the frequency of disturbance differs between regions (Quine 2003) . Wind direction, frequency and intensity are influenced by relief (Hannah et al. 1995) , and there are no management techniques to deal with this kind of factors (Matsuzaki 1994) . Influence of windstorms on forests can be mitigated in part, e.g. by management practices in the type of silviculture and forest protection (Mitchell 2013; Konôpka B. & Konôpka J. 2009; Zhu et al. 2004) .
Since wind disturbances are stochastic events, it is not possible to predict their exact occurrence in time and space (Schelhaas et al. 2003b ). Temporal and spatial occurrence of winds and their influence on stability and sustainability of forest ecosystems are continuously detected and analysed by modern methods and data processing, e.g. using automatized field devices for continuous measurement, computer tools of GIS, approaches of mathematical modelling etc. (Schelhaas et al. 2002; Blennow & Sallnäs 2004; Zeng et al. 2010 ).
Wind disturbances in Europe
Wind is one of the most relevant natural disturbance factors in Europe. Between 1950 and 2000, wind contributed to 35% of the overall damage from natural disturbance in European forests, this was followed by forest fires, snow, phytophagous insects and other factors (Schelhaas et al. 2003a) . Negative impacts of disturbances on European forests have been increasing during the last 150 years (Gardiner et al. on: www.efi.int). The same is true for disturbances in spruce forests in the eastern Carpathians since 19 th century (Svoboda et al. 2014) . The gradually increasing damage to forests within Europe has evoked numerous discussions about the causes (Lässig & Schönenberger 2000) . Some link this phenomenon to climate change and its inherent processes (Schönenberger 2002; Blennow & Olofsson 2008) , while others carefully judge inaccurateness and incompleteness of records from the past (Gardiner et al. on: www.efi.int) . Unsuitable forest management resulting in even-aged monocultures, especially those of Norway spruce (Picea abies), is also considered as an important source of damage to forests where stands with high stocking density are more prone to wind damage when reaching critical height (Schelhaas et al. 2003b; Mitchell 2013) .
The influence of wind on forests varies in frequency and intensity acorrs Europe. The most destructive cases of forest damage are reported from the temperate and boreal zones, especially spruce dominated forests (Peltola et al. 2000; Schönenberger 2002; Skuhravý 2002) . Large-scale wind disturbances seriously affect all of the components of forest ecosystems and often cause serious socio-economical impacts, especially in densely populated regions. Even low intensity wind disturbance can cause serious disturbance in urbanized areas through damage to infrastructure and/or alteration of quality of life. On the other hand, large-scale wind disturbances in remote, non-populated areas and regions, e.g. in Siberia, may not cause any serious problems and, often, they are not documented and may remain undetected (Skuhravý 2002) .
Serious wind disturbances associated with bark beetle outbreaks within Europe were summarized by Skuhravý (2002) . Over the period 1990 -2010 European forests were hit by several intensive wind disturbances which markedly modified forests and landscapes and had a negative influenced on socio-economical functions. For example, large-scale wind disturbances in western and central Europe were caused by the orkan Viviene (Vivian) on 28 -29 February 1990, and orkan Wiebke on 29 February -1 March 1990 (Skuhravý 2002) . At that time, as much as 72.5 million m 3 of timber was damaged in Germany (Schelhaas et al. 2003b) . In December of the same year, the storms Lothar and Martin hit France, Switzerland and Germany (Skuhravý 2002) , causing serious damage to forests. Extremely strong windstorm Erwing (Gudrun) hit mostly Northern Europe on 8 -9 January 2005. In Sweden only, it damaged a total of 270 thousand hectares of forests (77.5 million m 3 of timber). In January 2009, the windstorm Kiryll swept over western and central Europe and also caused serious damage to forests in Germany, the Netherlands, France and Britain. An extremely strong windstorm Klaus hit on 24 January 2009, damaging approximately 684 thousand hectares of forest (e.g. 45 million m 3 of timber) (Gardiner et al. on: www.efi.int) . The majority of excessive wind disturbances within Europe were recorded during the winter when large-scale disturbances are often accompanied or followed by numerous smaller ones.
Attempts to create a comprehensive data set about natural disturbances in forests in Europe were reflected in the activities of the European Forest Institute, with the aim to summarize abiotic, biotic and anthropogenic disturbances in specific countries in the Database of Forest Disturbances in Europe (Schelhaas et al. 2003b ). This database contains, for example, information about damage to forests around Nürmberg, Germany, by non-specified leaf-eating caterpillars in 1449 and 1450. The first record of a windstorm included in this database is from Buisson de Bleu in Normandy, France, where a total of 66 thousand trees were damaged on 15 March 1519. Quantity and quality of historical records about natural disturbances in forests varies amongst countries and regions. For example, rich datasets about forest fires are available from Spain and numerous historically valuable datasets about forest disturbances are available in Germany. A list of the most severe wind disturbances during the last few centuries (up to 2015) is available from Wikipedia (link: en.wikipedia.org/wiki/List of European windstorms).
In Slovakia data on forest damage by regional and disturbance regime is regularly collected, processed and archived by the Forest Protection Service in Banská Štiavnica within the National Forest Centre, Forest Research Institute in Zvolen. Data exists since the end of World War II, more detailed information (broken by damage with regard to harmfull agents) is available for the last 55 years.
When observing forest ecosystems worldwide, damage caused by wind disturbance is not as significant as other disturbance mechanisms. For example, a severe decline in Pinus contorta has been monitored long-term in the forests of western Canada e.g. in the proviences of British Columbia and Alberta. The decline is mainly caused by synergistic effects of a large sacle outbreak in the bark beetle Dendroctonus ponderosae (Scolytinae), milder winters attributed to long-term changing climate and forestry practices such as the suppression of forest fires resulting in large areas of even-aged monocultures of pine. Between 1995 and 2008 severe and widespread damage to pine forests was documented over 14 million hectares (Westfall 2007; Raffa et al. 2008; Robertson et al. 2009; Kärvemo 2010 ). This area is approximately 7-times larger than the total forest area in Slovakia. Nevertheless, declining mature stands of P. contorta are being replaced by young forests composed of pioneer tree species, including pine (R. Alfaro, personal comm.). However, damage to forests cannot be judged by magnitude only. For small countries such as Slovakia, disturbances on a smaller scale may be crucial for the locals and the community.
Wind disturbances in Slovak forests
Wind is amongst the most important abiotic factors and harmful disturbance agents in forests in Slovakia (Konôpka J. et al. 2008) . Over the last 55 years, there has been an increasing trend in damage caused by wind disturbance in Slovak forests. This is well documented in Konôpka B. & Konôpka J. (2009) where the mean annual volume of timber damaged by wind between 1999 and 2008 was 3.3-fold that of timber damage between 1969 and 1978. The volumes of fallen timber increased after a severe wind disturbance on markedly modified forests, especially in the High Tatra and Low Tatra Mountains (Kunca & Zúbrik 2006) , whereas the impact was less pronounced in nearby mountain regions. In the High Tatra Mountains, this unexpected storm damaged mostly spruce-dominated stands across approximately 12.5 thousand hectares. The estimated volume of damaged timber was as high as 2.5 million m 3 (Koreň 2005) , nearly half of the 5.2 million m 3 total volume of damaged timber in Slovakia in 2005 (Konôpka B. & Konôpka J. 2009 ). Large spruce stands adjacent to the disturbed area were consequently destroyed by bark beetles, the most important of which was the Spruce bark beetle (Ips typographus) (Nikolov et al. 2010) . The outbreak of I. typographus in the Tatra Mountains, persisted until the end of 2014, shifting in space and over time (Zach et al. 2015) . After the wind disturbance in November 2004 the amounts of timber damaged by subsequent bark beetle disturbance exceeded the timber damaged by the initial windstorm (Konôpka et al. 2011 ). This occurred mainly in regions where timber remained unmanaged and unprocessed i.e. without salvage logging (Nikolov et al. 2014) .
Damage by strong wind in Slovakia prevailingly occur in spruce dominated forests. For instance, between 1998 and 2007 as much as 2/3 of total damaged timber was damage to spruce trees (Konôpka B. & Konôpka J. 2009 ). Excessive damage to spruce stands relates to their unfavourable stability due to shallow roots and dense exposed crowns that intercept the wind (Stolina et al. 1985) . However, the stability of spruce stands also changes with altitude. Spruce stands in Slovakia are relatively stabile in high altitudes, especially within the spruce vegetation tier above 1250 m a.s.l (Konôpka B. & Konôpka J. 2003) . Generally, the number of trees per square unit decreases with altitude. Spruce trees in high altitudes are usually of uneven ages and heights, the canopy is more open, stems are more convergent, crowns are longer, buttresses and roots are larger and trees are well anchored in the soil (Konôpka J. 1977) . This enhances the stability of spruce stands related to the performance of the wind (Stolina et al. 1985) , even though the wind velocity increases with altitude (Coutts & Grace 1995) .
The probability of wind damage in spruce forests, especially in even-aged stands, increases rapidly after a sudden decrease in tree density due to managed thinning or other events that cause selective tree mortality, or due to the creation of new forest edges. Even small alteration of structure (compactness) of a spruce stand may increase the risk of damage from the wind (Mitchell 2013; Zeng et al. 2010) . Other factors influencing the stability of spruce stands include e.g. forest fragmentation which exposes individual trees to the wind and bark beetles (Wermelinger 2004; Zach et al. 2009 Zach et al. , 2010 Zach et al. , 2016 and increased mortality of trees in forests due to intensified disturbance from harmful agents (e.g. bark beetles) related to climate change (Konôpka B. 2007) .
Considering the risk of forest destruction by wind in Slovakia, dangerous winds are those of the seventh degree (Stolina et al. 1985) or eighth degree (Konôpka B. & Konôpka J. 2009 ) of the Beaufort wind force scale. Specifically, the seventh degree represents "moderate gale" with wind speeds of 13.9 -17.1 m s -1 (50 -61 km h -1
) at which trees in a forest are intensively swaying and walking against the wind becomes difficult. The eight degree is a "gale" with wind speeds of 17.2 -20.7 m s -1 (62 -74 km h -1 ) that usually breaks branches off trees and walking against the wind is nearly impossible. Based on the analyses of spatial occurrence of winds across Slovakia (Slovak Hydrometeorological Institute, 1971 -2010 ) the frequency of dangerous winds is highest in the Low Tatra and the High Tatra Mountains. Both regions experience frequent windstorms but damage in forests here is usually scattered and occurs in relatively small patches (Konôpka B. & Konôpka J. 2009 ).
According to Koreň (2005) the windstorm that destroyed the spruce forests in the High Tatra Mountains on 19 November 2004 consisted of two main currents: (1) diffusive westerly wind and (2) northerly wind (bora) from over the mountain ridges to the valleys. Although the wind damaged forest stands in high altitudes, especially in valleys, most of the damage occurred in the foothills and in flat open areas of the Podtatranská kotlina Basin (Fig. 3) . The highest numbers of damaged spruce trees (mostly uprooted) were recorded in the wetlands and, specifically, in the Kežmarské Žľaby area. The spruce trees that were damaged had weak root anchorage as their root systems were shallow and saturated with water reducing the cohesion between the roots and soil (Konôpka B. et al. 2010b ). The wind disturbance in Novem- ber 2004 occurred mainly at sites where similar events have been previously documented (Koreň 2005) . It was connected with extremely strong wind, the velocity of which varied from 160 km h -1 in lower altitudes up to 200 km h -1 on mountain ridges (Kunca & Zúbrik 2006) .
Another severe, large-scale wind disturbance in Slovakia was 15 May 2014. This partly overlapped in area with the November 2004 storm however, the affected area was smaller. In this particular case, the wind also damaged young pine and larch stands in planted forests (Fig. 4) . Such damage can be explained by heavy rains which excessively saturated the soil, decreasing the stability of trees resulted in high numbers of locally uprooted or broken trees (Pajtík et al. 2015) .
Direction, velocity and the effects of winds on forests in Slovakia can be related not only to synoptic-meteorological circumstances, but also the geography (diverse relief) of the western Carpathians (Konôpka J. et al. 2008) . The relief determines varying exposition of forest stands to wind. The probability of wind damage to forest stands varies over the segmented relief. Generally, the more diverse the relief the more heterogeneous "behaviour" of the wind. In mountain areas, wind most frequently causes damage to forests in valleys, especially if the valleys follow the most dangerous wind direction and in places where the wind is funneled into a vally bend. Falling wind from mountain ridges accelerates fast (Stolina et al. 1985) and strong wind currents damage forests on the slopes and foothills.
In eastern Slovakia the prevailing direction of dangerous winds is from the north. In southwestern Slovakia, the most dangerous winds come from the northwest, followed by winds from the north and the west. In central Slovakia, heterogeneous relief means the direction of dangerous winds varies. However, considering Slovakia as a whole, southwesterly and northerly winds prevail (Konôpka J. et al. 2008) .
In central Europe, the forests are exposed to dangerous winds, mainly in November, March and April (Stolina et al. 1985) . Nearly half of the dangerous winds in Slovakia are recorded in winter (Konôpka B. & Konôpka J. 2009 ). Longterm analyses of meteorological records do not prove significant changes in frequency of dangerous winds compared to the past (Konôpka B. et al. 2010a ). However, some modifications in seasonal distribution of dangerous winds exist (Fig. 5) . Specifically, they include an increase in the number of dangerous windstorms in the spring and in contrast, a decrease in windstorms during the winter and summer. Further, changes in the direction of dangerous winds may be noticed, for example an increase in prevelance of the "traditional" nortwesterly winds (Table 1) . ) by direction (in percentages) over the period 1961 -1990 and 1991 -2010 in Slovakia (after B. Konôpka et al. 2010a . Total  1961-1990  25  3  1  4  23  9  8  27  100  1991-2010  23  3  1  2  21  8  8  34  100 Explanations for main wind directions: N -north, NE -northeast, E -east, SE -southeast, S -south, SW -southwest, W -west, NW -northwest. ) in Slovakia over the period 1961 -1990 and 1991 -2010 (after B. Konôp-ka et al. 2010a .
Spruce stands in Slovakia are the most frequently damaged by wind in the northern and central regions (Konôpka B. & Konôpka J. 2009 ), namely in the regions of Orava, High Tatra and Low Tatra Mountains, Great Fatra Mountains, Pohronie, Poľana Mountains and Slovak Ore Mountains. Despite relatively good knowledge about spatial and temporal occurrence of dangerous winds, it is impossible to predict precisely the time, location and size of future wind disturbances in forests. Based on the extrapolation of the time series data on wind damage in the Slovak forests, it can be predicted that windstorms in this country will damage about 2.5 million m 3 of timber annually from 2016 to 2030 (Fig. 6 ). However, this is a rough estimate as damage to forests by wind will strongly depend on future weather which cannot be adequately predicted in the long-term. 
Conclusion
Wind is an important ecological factor affecting development, growth and reproduction of trees in forested ecosystems. Understanding interactions between wind and trees provides a baseline for prevention or mitigation of the negative impacts assocated with wind disturbances on forests worldwide. Forest destruction by wind and/or other harmful agents is a complex interaction, negatively influencing carbon reserves. The loss of carbon stored in tree biomass and forest soil is apparent in forests disturbed by wind. Forest recovery, to the former situation is long, usually taking several decades.
Since stimulating effects of inherent phenomena of climate change on frequency and intensity of destructive events in forests are associated with changes in carbon balance, the relationships (cycle) can be described as a positive feedback system as follows: climate change → induced disturbances to forest ecosystems → stimulated climate change. In the case of wind disturbances, there are no direct or immediate effective measures to eliminate the associated risks. However, conclusions can be made in the case of bark beetles, as early processing and removal of wind damaged and/or infested timber may mitigate or locally eliminate the outbreak. Thus, integrated forest protection becomes very important part of the forestry in the conditions of global change. It is also important in terms of stabilizing forest ecosystem services, especially with regard to carbon sequestration.
Knowledge on wind disturbances show that integrated forest protection against strong winds and other harmful agents in forest ecosystems in Slovakia and, highly likely, in other countries within Europe, will become important in the near future in the light of predicted global change.
